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Summary
Background and purpose: Hypoglycemia during exercise is a serious problem in
diabetic patients during cardiac rehabilitation, whereas normal subjects rarely expe-
rience hypoglycemia. Inappropriate glucose uptake by working muscles may be
responsible. However, the precise characteristics of glucose uptake during exer-
cise have not been fully studied. We have investigated the effect of acute exercise
on glucose uptake in diabetic patients.
Methods: Nine type 2 diabetic patients (age, 57± 6 years; HbA1c, 7.7± 1.3%) per-
formed exercise at an intensity of anaerobic threshold for 15min. Glucose utility was
determined using euglycemic hyperinsulinemic clamp technique. Glucose infusion
rate (GIR) was calculated throughout the exercise and recovery session.
Results: Average GIR at rest was 3.4± 1.6mg/(kgBW min). Fifteen minutes after start-
ing exercise, it increased signiﬁcantly (6.6± 2.4, p < 0.001). Thirty minutes after
cessation of exercise, GIR decreased signiﬁcantly (4.8± 1.9, p < 0.05) compared with
peak value. Increase in GIR was greater as BMI or body fat ratio became greater
(r = 0.608 and 0.475). There was a weak correlation (r = 0.344) between HbA1c and
GIR improving ratio (GIR during exercise× 100/GIR at rest).
Conclusions: Glucose uptake was revealed to augment signiﬁcantly within 15min
after the commencement of exercise. This improvement was more obvious in
patients with greater body weight, fat accumulation, and poorer diabetic control.
© 2008 Japanese College of Cardiology. Published by Elsevier Ireland Ltd. All rights
reserved.
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Table 1 Patient characteristics
Mean± S.D.
Age (years) 57.1± 6.4
Body height (cm) 165.7± 5.9
Body weight (kg) 65.2± 7.0
Body mass index 23.9± 3.2
Fasting plasma glucose (mg/dL) 143.7± 49.3
HbA1c (%) 7.7± 1.3
Anaerobic threshold (mL/(min kg)) 12.4± 1.7
Peak VO2 (mL/(min kg)) 18.9± 4.2
Medication
ACE inhibitor/ARB 5
-Blocker 5
Insulin therapy 2
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mffect of exercise on glucose uptake in diabetes
ntroduction
avorable effects of exercise training in diabetes
ellitus are widely established. It stabilizes the
lycemic control and insulin resistance (IR) [1]
esulting in the diminishment of both microvessel
nd macrovessel complications. These effects can
e obtained by mild to moderate intensity of exer-
ise training [2]. The safety of moderate exercise
as been conﬁrmed even if it is performed on the
ay after percutaneous coronary intervention [3] or
—2 weeks after acute phase of myocardial infarc-
ion [4]. However, exercise is also widely known to
nduce hypoglycemia.
Hypoglycemia during exercise is induced by
isproportionately accelerated glucose uptake by
orking skeletal muscles. There are three mech-
nisms of regulation of skeletal muscle glucose
ptake: glucose delivery to the skeletal muscle
ells [5]; glucose transport through the cell sur-
ace membrane [6]; and ﬂux through intracellular
etabolism. Especially, acceleration of glucose
ransport through the cell surface membrane during
xercise [7—9] is one of the important mechanisms
o increase glucose uptake. However, it is not well
tudied how much glucose uptake is augmented
uring exercise and the characteristics of subjects
hose improvement of IR is extreme.
Euglycemic hyperinsulinemic clamp procedure
nables us to evaluate glucose uptake during exer-
ise continuously during exercise [10]. We hereby
nvestigated the effect of acute exercise on glucose
ptake and the concerning factors with accelerated
lucose uptake using euglycemic hyperinsulinemic
lamp procedure.
ethods
ubjects
ine patients with type 2 diabetes mellitus attend-
ng the cardiac rehabilitation program in our
ospital were enrolled (Table 1). Their anthropo-
etric data were almost normal. The range of
ody mass index was from 28.7 to 18.0. Their
xercise tolerance was slightly impaired com-
ared with that of normal subjects (peak VO2,
8.9± 4.2mL/(min kg), 77.6± 18.9%). They had no
haracteristic heart disease or pulmonary problems
nd all of the subjects had no exercise habit. There-
ore, impaired exercise tolerance might be mainly
ttributed to their sedentary lifestyle.
Five subjects were taking angiotensin-converting
nzyme inhibitors or angiotensin receptor blockers
nd ﬁve were taking beta-blocking agents. These
l
1
t
a
DOral antidiabetic drugs 5
ACE, angiotensin-converting enzyme inhibitor and ARB,
angiotensin receptor blocker.
edications were not changed during this study.
wo patients were treated with insulin, and ﬁve
ere treated with sulfonylurea derivatives.
Body fat ratio was evaluated using bioimpedance
ssay technique.
tudy protocol
he study design is shown in Fig. 1. After 10 h fast,
lucose uptake was measured on an upright cycle
rgometer. After taking data of glucose uptake at
est, subjects started exercise session at an inten-
ity of anaerobic threshold for 15min. Then data of
lucose uptake was taken again. After the evalua-
ion of glucose uptake, subjects stopped pedaling
nd stayed sedentary for 15min to take the data of
ecovery.
We measured glucose infusion rate (GIR) during
xercise after 15min. As is shown in Fig. 2 (A, B, and
), GIR increases relatively abruptly after starting
xercise. Then 15min after exercise, GIR looks to
each plateau. This is the reason why we have taken
he data of 15min after exercise.
lucose uptake measurement
o evaluate the glucose uptake at rest and dur-
ng exercise, all subjects underwent the euglycemic
yperinsulinemic clamp procedure [11] during phys-
ological hyperinsulinemia (100U/mL) using STG-22
Nikkiso, Tokyo, Japan) with short-acting insulin
nfusion (40U/(m2 min)). Hyperinsulinemia was
aintained for 120min during which time the eug-ycemia was achieved using a variable infusion of
6.6% glucose in water. Euglycemic target during
he procedure was set at 100mg/dL, and GIR was
djusted using the negative feedback equation of
eFronzo et al. This method is regarded as the
10 M. Oguri et al.
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iFigure 1 Study protoco
‘gold standard’ for measuring IR [12]. As for the
glucose turnover during exercise, plasma glucose
is transferred into muscle cells through cell sur-
face membranes in an insulin-sensitive [13] and
insulin-independent [14] manner. That is, the data
obtained by euglycemic hyperinsulinemic clamp
procedure during exercise indicates not only IR.
Therefore, we used a term ‘‘glucose uptake’’
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Figure 2 Samples of euglycemic hyperinsulinemic clamp dat
rate (GIR) showed relatively abrupt increase after starting the
level was anaerobic threshold. Exercise lasts for more than 3, anaerobic threshold.
nstead of ‘‘insulin resistance’’. We used GIR as an
ndex of IR or glucose uptake in this study.xercise prescription
e used anaerobic threshold as an index of moder-
te exercise intensity. To determine the anaerobic
hreshold, cardiopulmonary exercise testing was
a. A, B, and C are samples of patients. Glucose infusion
exercise. Figure D is a sample of normal subject. Exercise
0min. Data at the recovery are not shown.
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F rate (GIR) at rest and during exercise. Panel B: relationship
b atio: GIR during exercise× 100/GIR at rest.
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GIR at rest was positively correlated (r = 0.586)
with that during exercise (Fig. 3A). Glucose utiliza-
tion was improved signiﬁcantly (p < 0.01) by 216.7%
during exercise (GIR, 6.6± 2.4mg/(kgBW min))
compared with that at rest (3.4± 1.6mg/
(kgBW min)) as shown in Fig. 4. However, after
cessation of exercise, GIR diminished signiﬁcantly
(p < 0.05) to 4.8± 1.9mg/(kgBW min), although this
value is still higher (p < 0.01) than that at rest.
Enhancement of glucose uptake was greater as
glucose uptake at rest was more impaired. Conse-
quently, as shown in Fig. 3B, GIR improving ratio
(GIR during exercise× 100/GIR at rest (%)) was neg-
atively (r =−0.692) correlated.
As for the effect of anthropometric parameters
on improvement of glucose uptake, it was revealedigure 3 Panel A: relationship between glucose infusion
etween improving ratio and GIR at rest. GIR improving r
erformed using a ramp protocol. Equipment used
ncluded a cycle ergometer (Lode, Groningen,
he Netherlands), breath-by-breath gas analyzer
MINATO 300S, Minato Ikagaku, Osaka, Japan),
nd electrocardiograph recorder (ML6000, Fukuda
enshi, Tokyo, Japan). Anaerobic threshold was
etermined using the V-slope method [15]. Car-
iopulmonary exercise test was performed within
week prior to the study.
thics
thical approval for the study was granted by the
unma Prefectural Cardiovascular Center Subjects
ommittee. Written informed consent was given by
ll subjects.
tatistical analysis
ata are expressed as mean± S.D. One way analy-
is of variance was used to determine the statistical
igniﬁcance and Bonferoni test was used for post
oc analysis. Linear regression analysis was per-
ormed to evaluate the relationship between GIR
nd other parameters. Values of p < 0.05 were con-
idered signiﬁcant.esults
verage GIR was 3.4± 1.6mg/(kgBW min) at resting
tage. This value was a little lower than the normal
alue.
Figure 4 Alteration in glucose infusion rate during exer-
cise and recovery.
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Figure 5 Relationships between glucose infusion rate (GIR) improving ratio and anthropometric data.
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glucose.
that the greater body mass index or body fat ratio
facilitates the improvement of glucose sensitivity.
GIR ratio was negatively correlated both with BMI
(r = 0.608, Fig. 5 left panel) and body fat ratio
(r = 0.475, Fig. 5 right panel).
Improvement in glucose uptake was also affected
by control status of diabetes mellitus. As the
control status becomes poorer, glucose uptake
improved greater. GIR improving ratio was sig-
niﬁcantly correlated with fasting plasma glucose
(r = 0.414, Fig. 6 left panel) and HbA1c (r = 0.344,
Fig. 6 right panel).
Some patients were taking antidiabetic agents.
GIR improving ratio of patients with and with-
out oral antidiabetic drugs was 224.2± 85.8% vs.
210.8± 62.5% (mean± S.D.). There was no sig-
niﬁcant difference between them. As well, GIR
improving ratio of patients with and without insulin
therapy were 268.1± 73.0% vs. 202.0± 65.8%
(mean± S.D.). There was also no signiﬁcant dif-
ference between them. These data indicate that
medical therapeutics do not modify the results.
A
c
d
sproving ratio and diabetic control. FPG, fasting plasma
iscussion
his paper revealed the acute effect of moderate
xercise on glucose uptake and its relevant factors.
lucose sensitivity improved dramatically within
5min after the commencement of exercise. It lasts
t least 15min after cessation of exercise. This
mprovement was extreme in patients with greater
ody weight and fat accumulation, as well as poorer
iabetes control.
GIR showed 216.7% increase in this study. All
hree factors to regulate the glucose uptake by
keletal muscle, which were previously described
n this paper, would be involved. Blood ﬂow to
he working muscle increases 10-fold [16]. Glu-
ose transporter (GLUT)-4 translocation to the cell
urface increases more than 2-fold by exercise
timulus [17]. Of course, exercise needs greater
TP, which is produced by glycolysis. Although, we
annot determine which mechanism is the most
eterminant in this study, all of the mechanisms
eem important.
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hreshold.
In our study, although IR was relatively abnor-
al at rest, GIR during exercise improved to the
ormal range. This may be explained by the fact
hat there are two different manners to stim-
late the GLUT-4 translocation. Experimentally,
hort duration of electrical muscle stimulation
EMS) facilitates GLUT-4 translocation [18]. The
eformity of skeletal muscle cell structure due
o muscle contraction is a key signal to stim-
late the AMP-activated protein kinase (AMPK)
hich induces GLUT-4 translocation independently
ith insulin signaling pathway [19]. That is,
here is another way to increase translocation of
LUT-4 independently with insulin receptor acti-
ation. Since exercise intervention causes skeletal
uscle contraction, this may be one of the
ain mechanisms to induce the improvement
f IR.
Our study revealed that improvement in glu-
ose utilization occurs within 15min after starting
xercise. This time course matches the preceding
xperiment [20]. It is also reported that AMPK is
ctivated in muscle of subjects with type 2 dia-
etes mellitus within 20min after commencement
f exercise [21]. Acute effect of exercise on up-
egulating the GLUT-4 to the cell surface is not due
o a protein and/or mRNA expression since it usually
akes a few days, but due to a translocation from
n intracellular storage to cell surface. Therefore,
rapid improvement of glucose uptake would be
ue to a translocation of GLUT-4 from vesicle to
ell surface membrane.
The degree of IR is affected by the visceral fat
olume [22]. In our study, GIR was negatively cor-
elated with body mass index and body fat ratio.
ur study also revealed that GIR improved greater
n fatter subjects and with poorer diabetic control.
his result is matched with the clinical ﬁndings that
lood glucose declines greater in diabetic patients
n
t
i
m
eimproving ratio and exercise tolerance. AT, anaerobic
han normal subjects during exercise [23]. Skeletal
uscle glycogen storage is reported to be dimin-
shed in diabetes mellitus [24]. Greater amount
f glucose transfer would be necessary in dia-
etes mellitus whose intracellular glycogen pool
s exhausted to retain them and fulﬁll the energy
emand.
As for the effect of diabetes mellitus on GIR
mprovement during exercise, we cannot discuss
hether GIR improvement is greater in diabetic
ubjects than in normal subjects. However, we have
ata from just one normal subject (Fig. 2D). From
his panel, it is supposed that GIR increases during
xercise in normal subjects too, and seemed that
mproving ratio of healthy subject is smaller than
hat in diabetic patients. Anyway, we must take
ore data from normal subjects to determine the
ffect of diabetes mellitus.
The relationship between exercise tolerance and
IR improving ratio is shown in Fig. 7. There were
o signiﬁcant relationships between them.
tudy limitations
e tested only nine subjects. Although, there was
o intentional selection for the enrollment into
his study, there still leaves a possibility that when
arger mass is studied, results are affected. It is
esired to study using a greater number of subjects.
We measured neither plasma catecholamines nor
ympathetic nerve response during and after exer-
ise. They might affect the results of metabolic
hange. It is reported that obesity is related to the
entral nervous system [25]. Therefore, we must
ot decide that only anthropometric abnormali-
ies and/or poor diabetic control affect the GIR
mprovement. These factors are just one of the
echanisms to enhance the glucose uptake during
xercise.
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Conclusions
In conclusion, glucose uptake is revealed to
increase signiﬁcantly within 15min after com-
mencement of moderate exercise, especially in
patients with obese and poorer controlled diabetes
mellitus. We must take care of the risk of hypo-
glycemia during exercise training in patients with
diabetes mellitus especially with obese and poorly
controlled diabetes mellitus.
Acknowledgments
The authors wish to thank M. Ueda, A. Sakurai, K.
Kobayashi and other co-medical staffs at the phys-
iology section for their technical assistance.
References
[1] Solomon TP, Sistrun SN, Krishnan RK, Del Aquila LF,
Marchetti CM, O’Carroll SM, et al. Exercise and diet
enhance fat oxidation and reduce insulin resistance in older
obese adults. J Appl Physiol 2008; Mar 6 [Epub ahead of
print].
[2] Venables MC, Jeukendrup AE. Endurance training and obe-
sity: effect on substrate metabolism and insulin sensitivity.
Med Sci Sports Exerc 2008;40:495—502.
[3] Rofﬁ M, Wenaweser P, Windecker S, Mehta H, Eberli FR,
Seiler C, et al. Early exercise after coronary stenting is safe.
J Am Coll Cardiol 2003;42:1569—73.
[4] Goto Y, Sumida H, Ueshima K, Adachi H, Nohara R, Itoh H.
Safety and implementation of exercise testing and training
after coronary stenting in patients with acute myocardial
infarction. Circ J 2002;66:930—6.
[5] Hespel P, Vergauwen L, Vandenberghe K, Richter EA.
Important role of insulin and ﬂow in stimulating glucose
uptake in contracting skeletal muscle. Diabetes 1995;44:
210—5.
[6] Kern M, Wells JA, Stephens JM, Elton CW, Friedman JE, Tap-
scott EB, et al. Insulin responsiveness in skeletal muscle is
determined by glucose transporter (Glut4) protein level.
Biochem J 1990;270:397—400.
[7] Brozinick Jr JT, Etgen Jr GJ, Yaspelkis III BB, Kang HY, Ivy
JL. Effects of exercise training on muscle GLUT-4 protein
content and translocation in obese Zucker rats. Am J Physiol
1993;265(3 Pt 1):E419—27.
[8] Goodyear LJ, Hirshman MF, Valyou PM, Horton ES. Glucose
transporter number, function, and subcellular distribution
in rat skeletal muscle after exercise training. Diabetes
1992;41:1091—9.
[9] Kennedy JW, Hirshman MF, Gervino EV, Ocel JV, Forse RA,
Hoenig SJ, et al. Acute exercise induces GLUT4 translo-
[
Available online at www.sM. Oguri et al.
cation in skeletal muscle of normal human subjects and
subjects with type 2 diabetes. Diabetes 1999;48:1192—7.
10] Usui K, Yamanouchi K, Asai K, Yajima M, Iriyama A,
Okabayashi N, et al. The effect of low intensity bicycle
exercise on the insulin-induced glucose uptake in obese
patients with type 2 diabetes. Diabetes Res Clin Pract
1998;41:57—61.
11] DeFronzo RA, Tobin JD, Andres R. Glucose clamp technique:
a method for quantifying insulin secretion and resistance.
Am J Physiol 1979;6:E214—23.
12] American Diabetes Association. Consensus develop-
ment conference on insulin resistance. Diabetes Care
1998;21:310—4.
13] Douen AG, Ramial T, Cartee GD, Klip A. Exercise modulates
the insulin-induced translocation of glucose transporters in
rat skeletal muscle. FEBS Lett 1990;261:256—60.
14] Wojtaszewski JFP, Nielsen JN, Richter EA. Exercise effects
on muscle insulin signaling and action invited review: effect
of acute exercise on insulin signaling and action in humans.
J Appl Physiol 2002;93:384—92.
15] Beaver WL, Wasserman K, Whipp BJ. A new method for
detecting anaerobic threshold by gas exchange. J Appl Phys-
iol 1986;60:2020—7.
16] Andersen P, Saltin B. Maximal perfusion of skeletal muscle
in man. J Physiol 1985;366:233—49.
17] Kraniou GN, Cameron-Smith D, Hargreaves M. Acute
exercise and GLUT4 expression in human skeletal mus-
cle: inﬂuence of exercise intensity. J Appl Physiol
2006;101:934—7.
18] Roy D, Jóhannsson E, Bonen A, Marette A. Electrical stimula-
tion induces ﬁber type-speciﬁc translocation of GLUT-4 to T
tubules in skeletal muscle. Am J Physiol 1997;273:E688—94.
19] Musi N, Fujii N, Hirshman MF, Ekberg I, Froberg S, Ljungqvist
O, et al. AMP-activated protein kinase (AMPK) is activated
in muscle of subjects with type 2 diabetes during exercise.
Diabetes 2001;50:921—7.
20] Kubota M, Nagasaki M, Tokudome M, Shinomiya Y, Ozawa T,
Sato Y. Mechanical horseback riding improves insulin sen-
sitivity in elder diabetic patients. Diabetes Res Clin Pract
2006;71:124—30.
21] Tomàs E, Sevilla L, Palacín M, Zorzano A. The insulin-
sensitive GLUT4 storage compartment is a postendocytic
and heterogeneous population recruited by acute exercise.
Biochem Biophys Res Commun 2001;284:490—5.
22] Dyck DJ, Heigenhauser JF, Bruce C. The role of adipokines
as regulators of skeletal muscle fatty acid metabolism and
insulin sensitivity. Acta Physiol 2006;186:5—16.
23] Martin IK, Katz A, Wahren J. Splanchnic and muscle
metabolism during exercise in NIDDM patients. Am J Physiol
1995;269:E583—90.
24] Thorburn AW, Gunmbiner B, Bulacan F, Brechtel G, Henry
RR. Multiple defects in muscle glycogen synthase activ-
ity contribute to reduced glycogen synthesis in non-insulin95.
25] Lambert E, Straznicky N, Schlaich M, Esler M, Dawood T,
Hotchkin E, et al. Differing pattern of sympathoexcitation
in normal-weight and obesity-related hypertension. Hyper-
tension 2007;50:862—8.
ciencedirect.com
